Hafnium oxynitride films are deposited from a Hf target employing direct current magnetron sputtering in an Ar-O 2 -N 2 atmosphere. It is shown that the presence of N 2 allows for the stabilization of the transition zone between the metallic and the compound sputtering mode enabling deposition of films at well defined conditions of target coverage by varying the O 2 partial pressure. Plasma analysis reveals that this experimental strategy facilitates control over the flux of the O − ions which are generated on the oxidized target surface and accelerated by the negative target potential toward the growing film. An arrangement that enables film growth without O − ion bombardment is also implemented. Moreover, stabilization of the transition sputtering zone and control of the O − ion flux without N 2 addition is achieved employing high power pulsed magnetron sputtering. Structural characterization of the deposited films unambiguously proves that the phase formation of hafnium oxide and hafnium oxynitride films with the crystal structure of HfO 2 is independent from the O − bombardment conditions. Experimental and theoretical data indicate that the presence of vacancies and/or the substitution of O by N atoms in the nonmetal sublattice favor the formation of the cubic and/or the tetragonal HfO 2 crystal structure at the expense of the monoclinic HfO 2 one.
I. INTRODUCTION
Hafnium dioxide ͑HfO 2 ͒ exists in three low pressure crystalline phases; ͑i͒ the monoclinic HfO 2 ͑m-HfO 2 , space group P21/c͒ up to a temperature of ϳ1900 K, ͑ii͒ the tetragonal HfO 2 ͑t-HfO 2 , space group P42/nmc͒ in the temperature range 1900-2500 K, and ͑iii͒ the cubic HfO 2 ͑c-HfO 2 , space group Fm3m͒ at temperatures above 2500 K. 1 In addition, at high pressures the formation of the orthorhombic phase ͑o-HfO 2 , space group Pbca͒ is observed. 2, 3 First principle calculations by Zhao and Vinderbilt 4 have suggested that among the low pressure phases c-HfO 2 and t-HfO 2 exhibit dielectric constants ͑͒ of ϳ29 and ϳ70, respectively, which are much larger than that of the m-HfO 2 ͑ ϳ 16-18͒. Therefore, HfO 2 films with the cubic and/or the tetragonal crystal structure are widely used as high-k dielectric layers in field effect transistors. 5 In film form, HfO 2 can be deposited by a variety of techniques, including atomic layer deposition, 6 electron beam evaporation, 7 radio frequency, [8] [9] [10] [11] [12] direct current, [13] [14] [15] pulsed 16 and high pressure 17 magnetron sputtering, molecular beam epitaxy, 18 and pulse laser deposition. 2, 3 With all these techniques, growth at room temperature commonly results in the formation of the m-HfO 2 phase 10, 12, 16, 17, 19, 20 or amorphous films. 2, 3, [5] [6] [7] [8] 13, 15 Therefore, considerable research effort has been focused on the room temperature growth of the t-and the c-HfO 2 phases. A number of studies have shown that the alloying of the metal sublattice of HfO 2 by Y ͑Ref. 19͒ and Fe ͑Ref. 21͒ could stabilize the cubic phase at room temperature, while the incorporation of Si facilitated the room temperature deposition of t-HfO 2 . 6, 10 Recently, Severin et al. 22 reported the growth of cubic ZrO 2 films 23 ͑ZrO 2 is isostructural with HfO 2 ͒ by reactive direct current magnetron sputtering ͑dcMS͒ from a Zr target in an Ar-O 2 -N 2 gas atmosphere. These films were O deficient ͑with respect to the nominal ZrO 2 stoichiometry͒ and contained up to 10 at. % N. 22 It was also reported 24 that the presence of N 2 in the sputtering atmosphere enabled the stabilization of the transition zone between the metallic and the compound ͑oxidic͒ sputtering mode. It is known 25 that during the reactive deposition of metal oxides the transition sputtering zone is commonly unstable and it is, in general, characterized by a lower degree of oxidation ͑coverage͒ of the target surface, as compared to the compound sputtering mode. Tominaga et al. 26 and Mráz and Schneider 27, 28 demonstrated that on a covered ͑oxidized͒ target surface negatively charged O − ions can be formed and accelerated by the negative target potential impinging onto the growing film with energies of several hundreds of electron volt. Ngaruiya et al. 29 postulated and Mráz and Schneider 27 showed that these ions have implications for the structure evolution of transition metal oxides. Severin et al. 22 suggested that the lower target coverage in the transition zone allows for a suppression of the O − flux toward the growing film and speculated that the latter is the reason for the growth of films with the c-ZrO 2 crystal structure. However, no experimental evi-dence for this suggestion has been presented so far. Furthermore, the effect of chemical composition of the films on the stability of the various phases was not considered.
In the present study, we deposit films from a Hf target using dcMS in a reactive Ar-O 2 -N 2 ambient to evaluate the viability of N 2 addition for the stabilization of the transition zone during deposition of hafnium oxynitrides and the room temperature growth of films with the crystal structure of c-HfO 2 . In addition, we implement an experimental arrangement 30 that allows for the elimination of high energy O − ions impinging on the substrate. This approach enables us to shed a light on the role of the O − ion bombardment on the phase formation. To evaluate the significance of possible N incorporation and O deficiency, we compile a research strategy that allows for stabilization of the transition sputtering zone without N 2 addition. The latter is facilitated by the use of high power pulsed magnetron sputtering ͑HPPMS͒.
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HPPMS is a newly developed ionized physical vapor deposition technique in which the power is applied to the target in unipolar pulses of low duty cycle ͑Ͻ10%͒ and frequency ͑Ͻ10 kHz͒. 31 This mode of operation leads to the generation of ultra dense plasmas with degrees of ionization of the sputtered material significantly larger than those obtained in conventional magnetron sputtering techniques ͑e.g., dcMS͒ and has been shown to result in the deposition of films with superior properties as compared to dcMS. 32, 33 Furthermore, it has been reported that HPPMS enables the stabilization of the transition zone during reactive deposition of oxides. 34, 35 Here, we employ this feature of HPPMS and deposit films using various Ar and O 2 partial pressures. Parallel to the experimental studies, ab initio calculations based on the density functional theory ͑DFT͒ are performed to assess the effect of the nonmetal sublattice ͑N and O͒ population on the stability of the various HfO 2 phases.
II. EXPERIMENTAL PROCEDURE
The depositions of the hafnium oxide and oxynitride films were performed in a standard DN 100 CF-6 way cross ͑volume 0.011 m 3 ͒ on Si ͑100͒ wafers without external substrate heating. The power was applied to a Hf target with a diameter of 90 mm and a purity of 99.9% by a MELEC pulsing unit 36 fed by an ADL dc generator which was operating at a constant average current of 0.8 A. This experimental arrangement allows for operation both in dcMS and in HPPMS modes. 37 Prior to the plasma ignition, the vacuum chamber was pumped down to a base pressure of ϳ10 −4 Pa. The experiments were performed in Ar-O 2 and Ar-O 2 -N 2 atmospheres employing dcMS and HPPMS. In the case of experiments carried out in Ar-N 2 -O 2 ambient the N 2 partial pressure ͑p N 2 ͒ was held constant at 0.1 Pa, while in all cases Ar and O 2 partial pressures ͑p Ar and p O 2 , respectively͒ were varied accordingly to maintain a constant total working pressure of 0.8 Pa. It has to be mentioned here that all partial pressures reported in the current study refer to values measured with a capacitance gauge without the presence of plasma. The target-to-substrate distance was 100 mm. Prior to the film deposition, target voltage ͑V T ͒-p O 2 curves were recorded to evaluate the stability of the process. For experiments performed in dcMS mode, V T was directly obtained from the readout of the dc generator. In the case of HPPMS process both target current and voltage are time dependent quantities which were measured using a LEM-205-S current and ELDITEST GE 8115 voltage transducer, respectively, and monitored in a Tektronik TDS 2014 digital oscilloscope. The measurements of the time dependent target voltage revealed nearly rectangular waveforms during the pulse ontime with V T values very similar to the readout of the dc generator. One set of films ͑Set 1͒ was deposited employing dcMS in a mixed Ar-O 2 -N 2 ambient and at an effective pumping speed of 23 ls −1 . The V T -p O 2 curves revealed that the process exhibited a stable and hysteresis free transition zone, as opposed to the processes without N 2 addition. A second set of growth experiments ͑Set 2͒ was also performed in an Ar-O 2 -N 2 ambient and at a pumping speed of 23 ls −1 but in this case a Cu ring with a thickness of 1 mm and inner and outer diameter of 30 mm and 65 mm, respectively, was placed 20 mm above the target surface ͑Fig. 1͒. A similar arrangement was implemented by Severin 30 during the reactive deposition of ZnO films. Based on changes in the texture of the deposited films it was inferred that the Cu ring serves as shield for the high energy O − ions generated at the target surface and prevent them from reaching the growing film 30 ͑see Fig. 1͒ . In a third set of experiments ͑Set 3͒ depositions were carried out employing HPPMS in an Ar-O 2 atmosphere ͑effective pumping speed 38 ls −1 ͒. The power was applied to the target in unipolar pulses with an on-time ͑t on ͒ of 50 s and an off-time ͑t off ͒ of 450 s. The increase, with respect to the deposition Sets 1 and 2, of the pumping speed and the implementation of HPPMS allowed for a stable and hysteresis free transition zone without the addition of N 2 . It has to be pointed out here that the dcMS process at the same effective pumping speed of 38 ls −1 , exhibited a hysteresis and unstable transition zone. In all deposition sets the p Ar / p O 2 ratio in the sputtering atmosphere was varied in order to grow films at different target working points ͑i.e., target coverage͒ of the stable transition zone ranging from a metallic to a fully oxidized target aiming to tune the flux of O − ions toward the film, as well as the atomic composition of the films. 22 The plasma chemistry and energetics at the various deposition conditions were studied by means of energyresolved mass spectrometry. A Pfeiffer Vacuum PPM 422 mass-energy analyzer equipped with a quadrupole mass spectrometer with an attached energy filter was employed to perform mass-to-charge measurements at constant energy, while ion energy distribution functions ͑IEDFs͒ were recorded at constant mass-to-charge ratios. The experiments were carried out in a DN 160 CF/DN 100 CF reducing cross ͑volume 0.022 m 3 ͒. The distance between the target and the grounded mass-energy analyzer sampling orifice was 70 mm and the orifice diameter was 100 m. Measurements were performed for a target operating at a constant average current of 0.8 A both in dcMS and in HPPMS modes in Ar-O 2 -N 2 and Ar-O 2 atmosphere, respectively. The total working pressure was 0.8 Pa at an effective pumping speed of 84 ls −1 . Due to the differences in the geometry and the pumping speed between the plasma characterization and film deposition chambers the results of the plasma analysis serve for a qualitative comparison.
The effect of the deposition conditions on the chemical composition of the films was quantified by means of elastic recoil detection analysis ͑ERDA͒ using a 35 MeV Cl 7+ ion beam. Moreover, the bonding properties of the films with various chemical compositions were investigated by x-ray photoelectron spectroscopy ͑XPS͒. The XPS measurements were carried out in a VG ESCALB 220 iXL apparatus. Prior to the spectrum acquisition, the film surface was bombarded by Ar + ions with an energy of 3 keV and a flux of 0.1 A / mm 2 in order to remove surface contaminants. For the measurements, a monochromatized x-ray beam ͑Al K ␣ radiation at 1486.6 eV͒ was utilized. The photoelectrons emitted from the surface were detected by a hemispherical multichannel analyzer. The phase composition of the films at the various deposition conditions was studied by means of x-ray diffractometry ͑XRD͒. The XRD measurements were performed in a Bruker D8 General Area Detection Diffraction System equipped with a Cu K ␣ source ͑ = 1.540 56 Å͒ and a two-dimensional detector. The XRD patterns were recorded in grazing incidence geometry at an angle of incidence of 15°and the angular position of the intensity maxima was compared to that of standard powder diffraction files for different HfO 2 and HfN phases.
III. THEORETICAL PROCEDURE
The effect of the nonmetal ͑O and N͒ sublattice configuration on the energetics of the various HfO 2 phases was assessed by employing ab initio calculations based on the DFT. 38 The calculations were performed using the VASP software 39, 40 in conjunction with the generalized-gradient approximations projector augmented wave potentials. Reciprocal-space integration with a Monkhorst-Pack scheme, 41 energy cutoff of 500 eV, and tetrahedron method with Blöchl corrections 42 for the energy were used in the calculations. The total energy per atom ͑E͒ was calculated for Hf 16 cells were constructed by substituting x O by x N atoms. The parameter x was varied between 0 and 12 which is within the experimentally determined range of O vacancies and N incorporation ͑see Sec. IV B͒. The atomic positions in the nonmetal sublattice for O removal and/or N substitution were chosen using random numbers. For selected cells the nonmetal sublattice was constructed using the special quasirandom structures ͑SQS͒ implementation. 43, 44 The SQS implementation via the Warren-Cowley short-range order parameter 45 is available within the locally self-consistent Green's function software package. 45, 46 The Warren-Cowley short-range order parameter for the nonmetal sublattice was within 0.03 for the first three coordination shells. The differences in the total energies between SQS cells and cells constructed by random numbers were in the order of ϳ10 meV/ atom. These differences are small compared to the overall changes in the energy formation of the various HfO 2 phases ͑see Sec. IV C͒. Thus, for the discussion of the phase stability the results from cells generated using random numbers are used. All cells were relaxed with respect to the ionic positions. The convergence criterion for the ionic and electronic relaxation was 1.0 meV and 0.1 meV, respectively. Thereupon, the lattice parameters and the angles of the relaxed cells were varied in order to calculate the minimum total energy. For the calculations the following valence electrons configurations were utilized such as: Hf͑5d 2 6s 2 ͒, O͑2s 2 2p 4 ͒, and N͑2s 2 2p 3 ͒. Selected cells were also calculated using a Hf͑5p 6 5d 2 6s 2 ͒ configuration. The results revealed that the differences in the equilibrium cell size between the two Hf valence electron configurations were less than 1%. Therefore, the configuration with the smaller number of valence electrons ͑5d 2 6s 2 ͒ was chosen in order to reduce the computational time. For the t-HfO 2 structure 2 ϫ 2 ϫ 2 supercells with a k-points grid 4 ϫ 4 ϫ 4 were utilized, while the c-and m-HfO 2 structures were described by 2 ϫ 2 ϫ 1 supercells with a k-points grid of 4 ϫ 4 ϫ 8.
The energy of formation ͑E f ͒ for the various crystal structures was determined using the following expressions:
The quantity E͑Hf͒ was calculated using a 16 atoms 2 ϫ 2 ϫ 2 Hf supercell ͑space group P6 3 / mmc͒ utilizing a 5 ϫ 5 ϫ 5 k-points grid. For the calculation of the O and N ener-gies ͑E͑O͒ and E͑N͒͒ a 10ϫ 10 Å 2 cube was constructed and the distance of two O and N atoms in the cube was varied in order to determine the minimum energy of this molecular configuration.
IV. RESULTS

A. Plasma characterization
Mass-to-charge scans at constant energy were recorded at various discharge conditions for positive and negative ions. Among the various negatively charged species, such as Fig. 5͑a͒ . This p O 2 value allows for operation in the transition zone with a target voltage value ͑V T ͒ of 332 V. It is seen that the diffraction pattern exhibits intensity maxima ͑peaks͒ at angular positions which lie between those of the peaks in the published reference t-HfO 2 ͑Ref. 47͒ and c-HfO 2 ͑Refs. 48 and 49͒ patterns. As the O 2 partial pressure is increased to 0.15 Pa, operation in the oxidic mode with a V T value of 356 V is enabled. The diffraction pattern of a film grown at these conditions is shown in Fig. 5͑b͒ . This pattern is significantly different than the one in Fig. 5͑a͒ indicating the formation of m-HfO 2 . 50 ERDA measurements for the sample grown at p O 2 = 0.11 Pa ͓data provided in Fig. 5͑a͔͒ Fig. 6͑a͒ . Here, the O 1s peak is taken as reference and its binding energy is set to be equal to 530.4 eV. 51 All other peaks are assigned with respect to the O 1s peak, see, for example, the N 1s peak at 395.9 eV ͑Ref. 51͒ and the Hf 4d 3/2 peak at 212.9 eV. 51 Apart from Hf, O, and N, no other species can be detected in the XPS spectrum. Figure 6͑b͒ presents the N 1s peak. It is seen that this peak can be fitted to a single Gaussian function ͓red dashed line in Fig. 6͑b͔͒ indicating that it cannot be deconvoluted and, therefore, corresponds to a single bond-type.
The implementation of the Cu ring above the target surface ͑deposition Set 2͒ induced changes in reactive sputtering process. The V T -p O 2 curves showed that the transition to the oxidic sputtering mode occurred at lower O 2 partial pressures as compared to the process in Set 1. The latter can be attributed to the change of the effective collecting area of the chamber 25 with respect to the reference m-HfO 2 peaks by ϳ0.6°. The corresponding shift for the deposition Sets 1 and 2 is ϳ0.2°.
The larger left shift in the diffraction peaks for the HPPMS grown samples may be correlated with the more intense energetic bombardment in HPPMS as compared to dcMS ͑Refs. 32 and 33͒ and the subsequent larger lattice expansion. Moreover, chemical composition measurements showed that deposition in the transition zone ͓Fig. 8͑a͔͒ results in films with O content 5 at. % smaller than that of the nominal stoichiometry ͓Fig. 8͑b͔͒. The growth of O deficient films ͑i.e., formation of O vacancies͒ when films are deposited in the transition zone is a fingerprint of reactive sputtering.
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C. DFT calculations
The equilibrium lattice parameters calculated for the stoichiometric c-, t-, and m-Hf 16 O 32 cells are listed in Table  I 
V. DISCUSSION
The position and the shift in the onset of the high-energy O − populations in Figs. 2 and 4 are consistent with the corresponding V T values which are also provided there. This is in agreement with previous observations by Mráz and Schneider 27, 28 and indicates that these species are generated on the surface of the oxidized target and accelerated across the sheath by the negative target potential toward the growing film. 27, 28 Therefore, their energy is largely determined by the value of the target voltage. The fact that the intensity of the IEDFs presented in Fig. 2 increases when the O 2 partial pressure is increased signifies an increase in the flux of O − species toward the growing film upon moving from a nonoxidized to an oxidized target. This, in turn, confirms the suggestion by Severin et al., 22 i.e., the operation in the transition zone allows for a suppression of the O − bombardment as compared to the operation in the oxidic sputtering mode. It is, therefore, evident that our experimental strategy that enables operation at different target working points ͑via the stabilization of the transition zone and variation in the O 2 partial pressure͒ and target voltages ͑via the implementation of HPPMS͒ facilitates growth of films at different conditions of energetic bombardment with respect to the flux the energy of the O − species. Furthermore, the implementation of the Cu ring above the target surface allows for film growth without bombardment by high-energy O − species, as shown in Fig. 3 . This is an experimental validation of previous proposals 30, 54 that O − ions generated at the target surface are accelerated perpendicularly to the erosion track and can be, therefore, blocked en route to the substrate when a ring of a proper geometry is placed above the target ͑see Fig. 1͒ . The results presented in Figs. 5, 7, and 8 show that the crystal structure of the deposited films changes from the c-and/or t-HfO 2 to that of the m-HfO 2 upon moving across the transition zone toward the oxidic sputtering mode. The fact that the transition from the c/t-to the m-HfO 2 crystal structure is observed irrespective of the O − bombardment conditions employed for the growth unambiguously proves that O − ions with energies of several hundreds of electron volt typically encountered in magnetron sputtering processes do not determine the phase formation in reactively sputtered HfON films. This is consistent with previous observations by Miyake et al. 55 who reported that O ion energies of several kilo electron volt are required to affect the phase formation in ion beam assisted deposited HfO 2 films. As a consequence, previously published experimental reports 22 which postulated that the O − ion bombardment is decisive for the phase in reactively sputtered zirconium oxynitride films should be re-evaluated. It is, therefore, evident from the discussion presented above that a different mechanism determines the phase formation data reported in hafnium oxynitride films. It is seen in Figs. 5, 7, and 8 that the growth of films with c / t-HfO 2 crystal structure is accompanied by the formation of O vacancies and/or by N incorporation in the film. The binding energy of 395.9 eV for the N 1s peak in Fig. 6͑b͒ lies well below the to N-N ͑which would correspond to N 2 formation͒ or N-O ͑which would correspond to the formation of NO or NO 2 ͒ bonds 49, 14, 56, 57 and can, therefore, be attributed to Hf-N bonds. 14, 56, 57 Thus, N atoms in the hafnium oxynitride crystal occupy O sublattice sites, 14, 56, 57 which is the configuration described in our DFT calculations ͑see Sec. III͒. The results of these calculations ͑Figs. 9 and 10͒ show that in the stoichiometric Hf 16 O 32 configuration the monoclinic phase exhibits with Ϫ3.989 eV/atom the lowest energy of formation and is, therefore, more stable than the tetragonal and the cubic phases with respective energies of formation of Ϫ3.954 and Ϫ3.931 eV/atom. The presence of O vacancies and the substitution of O by N atoms cause these energy differences to become smaller and for x = 6 the energies of formation of the cubic and the tetragonal Hf 16 
VI. CONCLUSIONS
In the current study, dcMS in an Ar-O 2 -N 2 atmosphere and HPPMS in an Ar-O 2 -atmosphere were employed to deposit hafnium oxynitride and oxide films, respectively. The presence of N 2 in the sputtering atmosphere, as well as the implementation of HPPMS enabled the stabilization of the transition zone between the metallic and the oxidic sputtering zone, as well as operation at different values of target voltage. Variation in the O 2 partial pressure allowed for deposition of films at well defined target coverage conditions in the metallic, the transition and the oxidic zone. Plasma analysis showed that this experimental strategy enabled control over the energy and the flux of O − ions which are generated at the oxidized target surface and accelerated by the negative target potential toward the growing film. An experimental arrangement that facilitated the suppression of the O − ion bombardment during the film growth was also implemented. Structural characterization of the films revealed that, irrespective of the O − ion bombardment conditions, deposition in the oxidic sputtering mode led to the growth of films with the crystal structure of the m-HfO 2 , while films deposited in the transition zone exhibit the crystal structure of cand/or t-HfO 2 . Analysis of the chemical composition showed that the formation of the c / t-HfO 2 crystal structure is accompanied by the formation of O vacancies and substitution of O by N atoms in the nonmetal sublattice. Ab initio calculations within DFT revealed that O vacancies and/or N incorporation energetically favor the formation of the c / t-HfO 2 phases at the expense of the m-HfO 2 one. It is, therefore, evident that the phase formation in reactively sputtered hafnium oxide and oxynitride films is not determined by the O − bombardment but rather by the nonmetal sublattice configuration.
